Objective. Bone marrow-derived mesenchymal stem cells (BMSCs) have multilineage differentiation potential, which allows them to progress to osteogenesis, adipogenesis, and chondrogenesis. An imbalance of differentiation between osteogenesis and adipogenesis will result in pathologic conditions inside the bone. is type of imbalance is also one of the pathological findings in osteonecrosis of the femoral head (ONFH). Chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII) was previously reported to mediate the differentiation of mesenchymal stem cells. is study investigated the expression of the osteogenesis regulator Runx2, osteocalcin, the adipogenesis regulator PPARγ, and COUP-TFII in the femoral head tissue harvested from ONFH patients, and characterized the effect of COUP-TFII on the differentiation of primary BMSCs. Methods. irty patients with ONFH were recruited and separated into 3 groups: the trauma-, steroid-and alcohol-induced ONFH groups (10 patients each). Bone specimens were harvested from patients who underwent hip arthroplasty, and another 10 specimens were harvested from femoral neck fracture patients as the control group. Expression of the osteogenesis regulator Runx2, osteocalcin, the adipogenesis regulator PPARγ, C/EBP-α, and COUP-TFII was analyzed by Western blotting. Primary bone marrow mesenchymal cells were harvested from ONFH cells treated with COUP-TFII RNA interference to evaluate the effect of COUP-TFII on MSCs. Results. ONFH patients had significantly increased expression of the adipogenesis regulator PPARγ and C/EBP-α and decreased expression of the osteogenesis regulator osteocalcin. ONFH bone tissue also revealed higher COUP-TFII expression. Immunohistochemical staining displayed strong COUP-TFII immunoreactivity adjacent to osteonecrotic trabecular bone. Increased COUP-TFII expression in the bone tissue correlated with increased PPARγ and decreased osteocalcin expression. Knockdown of COUP-TFII with siRNA in BMSCs reduced adipogenesis and increased osteogenesis in mesenchymal cells. Conclusion. Increased COUP-TFII expression mediates the imbalance of BMSC differentiation and progression to ONFH in patients. is study might reveal a new target in the treatment of ONFH.
Introduction
Femoral head osteonecrosis, also known as avascular necrosis, was previously considered a pathological state that causes decreased vascular supply to the subchondral bone of the femoral head, resulting in osteocyte death and collapse of the articular surface. Multiple factors have been implicated in the development of osteonecrosis of the femoral head (ONFH). In particular, nontraumatic ONFH is directly or indirectly related to disturbance of the vascular supply of the femoral head. Recent data suggest that ONFH is a multisystemic disease rather than a simple disease of the femoral head [1] [2] [3] [4] [5] [6] . ere are indications that osteonecrosis can be induced by decreased blood supply, increased marrow pressure, abnormal coagulation, or toxic effects on bone cells. Many nontraumatic conditions are associated with osteonecrosis [1, [7] [8] [9] , including corticosteroid use [10] [11] [12] , alcohol overuse [4, 13, 14] , hemoglobinopathies [15] [16] [17] , systemic lupus erythematous [18, 19] , and coagulation abnormalities [20] [21] [22] .
Technological advances have enabled studies on the detailed mechanisms of ONFH. An imbalance of bone cell differentiation was noted to be involved in the pathogenesis of ONFH. Abnormal osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) [23] [24] [25] and enlarged bone marrow fat cells [26] occur in ONFH. Recent clinical studies have shown good results a er treatment with statins and low molecular weight heparin [27, 28] .
Mesenchymal stem cells have multilineage differentiation potential, which allows them to progress to osteogenesis, adipogenesis, and chondrogenesis. An imbalance between osteogenesis and adipogenesis will result in pathologic conditions inside the bone. Chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII), a member of the orphan nuclear receptor superfamily, was previously noted to be widely expressed in developing organs and to play an important role in cellular growth, differentiation, and organ development [29] [30] [31] . In recent studies, high levels of COUP-TFII were associated with the formation of adipose cells from MSCs, and low levels of COUP-TFII increased osteoblast differentiation [32] [33] [34] . Ablation of COUP-TFII in mice can increase bone density and suppress fat formation, implying that COUP-TFII may act as an important regulator of osteoblast and adipocyte differentiation [33] . is regulatory mechanism is very similar to the pathological findings in ONFH. We hypothesized that decreased bone density and adipocyte accumulation in osteonecrotic lesions may be linked to COUP-TFII expression.
To clarify the role of COUP-TFII in ONFH, we investigated the expression of the osteogenesis regulator Runx2, osteocalcin, the adipogenesis regulator PPARγ, and COUP-TFII in the femoral head tissue harvested from ONFH patients and evaluated correlations among these factors. en, we further explored the effect of COUP-TFII on the differentiation of primary BMSCs.
Materials and Methods

Patients.
A total of 30 patients with ONFH were recruited in this study and separated into 3 groups: the trauma-, steroid-, and alcohol-induced groups (each group included 10 patients). e inclusion criteria were patients diagnosed with Ficat stage III ONFH who received joint arthroplasty. e diagnosis and severity were based on plain film and MRI images and then classified by the Ficat system. We excluded patients with malignancy, renal osteodystrophy, metabolic bone diseases, and Paget's disease. e bone specimens were harvested from the center of the resected femoral head for further study. Another 10 healthy patients with acute femoral neck fracture were recruited, and they also all received hip arthroplasty as treatment. Bone specimens from the center of the femoral head were harvested as controls. ere were no age-matched control patients because the initial treatment in young patients with femoral neck fractures was reduction and fixation by screws, not hip arthroplasty. Patient demographic data, including age, gender, and comorbidities, were extracted. Comorbidities were assessed using the Deyo-Charlson scoring method from clinical notes [35] . e Institutional Review Board of Tri-service General Hospital approved this study (TSGHIRB No. 2-105-05-058), and every patient signed an informed consent form before the operation.
Histological Analysis of Bone Tissue Samples.
All resected femoral head samples were fixed in 10% formalin for 3 days and then decalcified in a 10% EDTA-Tris buffer for 21 days. Finally, the resultant samples were embedded in paraffin, and 5 μm sections of each specimen were prepared. Hematoxylin and eosin (H&E) staining was routinely performed to analyze morphology. e trabecular bone volume in the femoral heads was measured by ImageJ so ware (Developer Wayne Rasband at National Institutes of Health) according to Dempster et al. [36] , and the percentage of trabecular bone volume/total volume (BV/TV) of the femoral heads was calculated.
Western Blot Analysis.
Western blotting was performed using proteins isolated from osteonecrotic regions of the femoral heads. Necrotic bone tissues were harvested from the subchondral area (approximately 3~5 mm below the cartilage). e bone tissues were washed twice with phosphate-buffered saline (PBS). Cytosolic protein and nuclear protein were extracted with cell lysis buffer and nuclear lysis reagent with a ProteoJET Cytoplasmic and Nuclear Protein Extraction kit (Fermentas) to which protease inhibitors were added. Cell extracts were microcentrifuged for 5 min at 10,000 g, and the supernatants were collected. Protein extracts were separated on a 10% SDS polyacrylamide gel with electrophoresis for 2.5 h at 80 V in buffer containing 25 mM Tris, 200 mM glycine and 0.1% SDS. A er electrophoresis, the proteins were transferred to a polyvinylidene fluoride membrane (Millipore) with a semidry transfer unit at 20 V for 30 min. e membranes were blocked for 1 h with 5% skim milk in Tris-buffered saline (TBS) (20 mM Tris base pH 7.6, 150 mM NaCl) containing 1% Tween-20 at room temperature and incubated for 1 h at room temperature or overnight at 4°C with the GeneTex COUP-TFII beta-actin primary antibodies. e membranes were then washed three times for 10 min with TBS containing 1% Tween-20. A er washing was complete, the membrane was incubated for 1 h at room temperature with appropriate secondary antibodies conjugated to horseradish peroxidase (HRP) and washed three times for 10 min with TBS containing 1% Tween-20. Bound antibody was detected using Immobilon Western Chemiluminescent HRP Substrate (Millipore).
Immunohistochemistry.
e paraffin sections were incubated with avidin, biotin, and bovine serum albumin to avoid nonspecific staining. e sections were then incubated with an anti-COUP-TFII antibody (1:200; ab64849, Abcam) dissolved in 1% BSA (BSA)/PBS (PBS) overnight at 4°C. A er washing, the sections were stained with anti-mouse IgG (1:200; ab6788, Abcam) for 30 min. Finally, 3,3′-diaminobenzidine (Sigma-Aldrich; Merck KGaA) was used to detect the bound antibody, and the sections were counterstained with hematoxylin.
Primary BMSCs. Under sterile conditions, primary
BMSCs were obtained from bone marrow (BM) cells from spongy bone collected from the femoral head of osteonecrotic patients using a modified protocol [37] originally described by Haynesworth et al. [38] . Trabecular bone fragments were harvested from the resected femoral head using a bone curette, transferred to conical tubes containing DMEM (Gibco), and ground extensively with surgical scissors and a pestle. en, the bone fragments were washed repeatedly with DMEM, diluted with phosphate-buffered saline, added to Ficoll extraction liquid and centrifuged (1000 rpm) for 5 min. e pellet containing bone plugs and released cells was resuspended in high D-Glucose (4.5 g/L) DMEM containing 10% fetal calf serum (FBS, HyClone) and 1% EDTA, plated at a density of 10 × 10 6 cells per 100 cm 2 tissue culture flask and maintained at 37°C in a 5% CO 2 incubator for 2 h. e medium was changed every 48 h, and nonadherent cells were collected and removed until the cell cultures reached confluency.
2.6. Identification of Human BMSCs. BMSCs were characterized using flow cytometry (FACSCalibur). e P4 BMSCs were digested with 0.25% trypsin/EDTA and then incubated with DMEM-LG to terminate the digestion. e solution was centrifuged for 5 min, and the cells were washed and resuspended with a BD Human MSC Analysis Kit and cold PBS. Human positive marker CD105 PerCP-Cy5.5, CD73 APC, CD90 FITC and negative marker cocktail CD45/CD34/ CD11b/CD19/HLA-DR PE were added to the cell suspension. e cells were washed twice in PBS/4% FCS and resuspended en, the cells were treated with and without COUP-TFII siRNA for 72 h.
Oil
Red O Staining. Following adipose induction, the cells were gently washed twice with PBS. Subsequently, the cells were fixed with 4% paraformaldehyde for 10 min and washed twice with deionized water. Oil Red O solution (Sigma) was added for 20 min and subsequently washed twice with PBS.
2.10. Alizarin Red Staining. Following osteoblast induction, the medium was removed, and the cells were washed and fixed with 70% ethanol for 1 h and then washed twice with PBS. A 40 mM AR-S solution was added to 2% ethanol for 3 min, and the cells were then washed and photographed.
2.11. Statistical Analysis. Statistical analysis was performed using IBM SPSS statistical so ware (version 20.0). Statistical analysis was carried out by Student's t test. All of the results are presented as the mean ± standard deviation. 푃 < 0.05 was considered to indicate a statistically significant difference. All of the results are presented as the mean ± standard deviation.
Results
Comparison of Differences in Age, Gender, and Comorbidity between the ONFH Group and the Control Group.
is study investigated whether decreases in osteoblasts, increases in adipocytes, and altered COUP-TFII expression in bone in PBS/4% FCS with 1 µg/ml propidium iodide (PI). e samples were analyzed with Cell Quest so ware (Beckman Coulter).
Osteogenic and Adipogenic Differentiation of Human
BMSCs. For osteogenic and adipogenic differentiation, cells in standard medium (osteogenic differentiation) or DMEM with 10% FBS (adipogenic differentiation) were plated in 6-well plates or chamber slides and grown to confluence. At confluence, osteogenic differentiation was induced with the standard osteogenic medium composed of α-MEM 10% FCS supplemented with 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate, whereas adipogenic differentiation was induced with adipose induction medium containing 10 µg/ml insulin, 1 µM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 100 µM indomethacin. e medium was changed every 2 days for up to 2 weeks for adipogenic stimulation and up to 4 weeks for osteogenic stimulation.
2.8. RNA Interference Transfection. Cells were transiently transfected with specific siRNAs to knock down COUP-TFII. RNA interference sequences were submitted to NCBI blast, aligned with the COUP-TFII mRNA and obtained from the National RNAi Core Facility Academia Sinica in Taiwan. e COUP-TFII siRNA sequences were GCUUUGGAAGAAUACGUUAtt (sense) and UAACGUAUUCUUCCAAAGCac (antisense). Primary bone marrow-derived stem cells were transiently transfected with 1 μg of plasmids and scrambled controls using Lipofectamine analysis. Histopathological examination revealed reduced trabecular bone and an increased number of adipocytes in H&E-stained sections from the osteonecrotic groups compared with the control samples (Figures 1(a) and 1(b) ). In addition to their increased number, the adipocytes in the bone marrow were also increased in size, resulting in reduced space for hematopoietic cells. e quantitative analysis of BV/TV in femoral heads demonstrated significant differences between the control and ONFH groups (푃 < 0.05; Figure 1(c) ). Western blot analysis showed that ONFH patients in the traumatic ONFH group (푃 = 0.045), steroid-induced ONFH group (푃 < 0.001), and alcohol-induced ONFH group (푃 < 0.001) had significantly higher PPARγ protein expression than those in the femoral neck fracture group (Figures 2(a) and 2(b) ). Significantly higher C/EBP-α expression was also noted in samples from ONFH patients than in those from controls (푃 = 0.01 in the traumatic ONFH group, 푃 < 0.001 in the steroid-induced ONFH and alcohol-induced ONFH groups). e ONFH patients had significantly decreased osteocalcin protein expression (푃 < 0.001 in the traumatic, steroid-, and alcohol-induced ONFH groups) compared with those in the femoral neck fracture group (Figures 2(c) and 2(d) ).
specimens were linked to the occurrence of ONFH. e 30 patients in the ONFH groups were all diagnosed with Ficat stage III osteonecrosis under the evaluation of X-ray and MRI. In the steroid-induced ONFH group, there were 10 ONFH patients (6 females and 4 males, average 42.3 ± 6.5 years); in the alcohol-induced ONFH group, 10 ONFH patients (4 females and 6 males, average 50.3 ± 5.5 years) were recruited; and in the traumatic ONFH group, 10 ONFH patients (4 females and 6 males, average 52.7 ± 11.3 years) were recruited. In the control group (femoral neck fracture), 10 patients (5 females and 5 males, average 77.9 ± 6.6 years) were recruited. e ages of ONFH patients in the steroid-induced ONFH group, alcoholinduced ONFH group, and traumatic ONFH group were all significantly lower than the age of patients in the control group (푃 < 0.001). ere were no significant differences in gender or comorbidities between these ONFH groups and the control group (Table 1) .
Increased Expression of Adipogenesis-Related Factors and Decreased Expression of Osteogenesis-Related Factors
Were Noted in the ONFH Group. Bone specimens were harvested from the area surrounding the center of the femoral head for further en, the effect of COUP-TFII on the adipogenesis of primary BMSCs was evaluated by transfection with COUP-TFII RNA interference. A er COUP-TFII RNA interference, the level of COUP-TFII was significantly diminished (Figures 5(b) and 5(c)). Oil red O staining showed that the influenced COUP-TFII expression attenuated adipogenesis and decreased the number of adipocytes in the adipogenesis culture medium compared with the control tissue samples (Figure 5(a) ). In the Western blot analysis, COUP-TFII RNA interference significantly diminished COUP-TFII expression, which further decreased C/EBPα and PPARγ expression ( Figures 5(b) and 5(c)).
Knockdown of COUP-TFII Increased the Osteogenesis of
Primary BMSCs from the ONFH Group. Next, the function of COUP-TFII in the osteogenesis of primary BMSCs was evaluated. COUP-TFII RNA interference was used to transiently block COUP-TFII expression in BMSCs under osteogenic stimulation. Alizarin red staining was used to examine increased bone nodule formation in COUP-TFII knockdown BMSCs (Figure 6(a) ), and Western blot analysis showed a significant increase in key osteogenic transcriptional factors (Runx2) even up to 28 days a er osteogenic stimulation (Figures 6(b) and 6(c)). Collectively, our data demonstrate the critical role of COUP-TFII as a positive regulator of adipogenesis and a negative regulator of osteogenesis in progenitor cells.
Discussion
e main finding of the study is that increased COUP-TFII expression mediates an imbalance of BMSC differentiation
Increased COUP-TFII Expression in the ONFH
Group. Histological analysis was used to compare COUP-TFII expression in bone specimens from ONFH patients with that in bone specimens from the controlled group. In the ONFH groups, the increased number of adipocytes adjacent to the bone tissue exhibited evident COUP-TFII immunoreactivity (brown immunostaining around the cells and in the cytoplasm). However, osteoblasts displayed weak COUP-TFII expression in the control group (Figure 3(a) ). Western blot results showed that ONFH patients in the traumatic ONFH group (푃 = 0.006), steroid-induced ONFH group (푃 < 0.001) and alcohol-induced ONFH group (푃 = 0.015) had significantly higher COUP-TFII expression levels (Figures 3(b) and 3(c) ) than patients in the control group.
COUP-TFII Mediated Glucocorticoid-Induced Adipogenesis in Cultured Primary BMSCs.
is study evaluated whether COUP-TFII controlled adipogenesis of primary BMSCs from ONFH patients. To study the potential role of COUP-TFII in mesenchymal cell differentiation, primary BMSCs harvested from ONFH tissues were harvested and cultured in culture medium and were capable of being passaged several times. Primary cultured BMSCs exhibited spindleshaped morphology. A er passaging four times, the cells had a similar long spindle shape (Figures 4(a) and 4(b) ). When the results were evaluated with flow cytometry, these BMSCs were found to express the positive surface markers CD90, CD105, and CD73 and the negative surface markers CD45/ CD34/CD11b/CD19/HLA-DR PE (Figures 4(c) and S1). ese results confirmed that these isolated cells were BMSCs. that increases adipogenesis and inhibits osteogenesis, which deteriorates the inner structure of the femoral head and ultimately results in the collapse of subchondral bone in ONFH.
Good function of bony homeostasis relies on the balance of differentiation between osteogenesis and adipogenesis to maintain a well-constructed bony structure of the femoral head. Although the pathological incidence of increased adipogenesis and decreased osteogenesis has been revealed in ONFH tissues, the crucial molecules that potentially mediate these changes in MSC transformation in ONFH lesions remain and progression to ONFH in patients. COUP-TFII has been previously reported to play an important role in embryogenesis and is widely detected in developing organs [39] [40] [41] . It is also involved in the regulation of mesenchymal cell commitment and differentiation through adipogenesis, osteogenesis, or chondrogenesis [33, 41] . e imbalance of BMSC differentiation is similar to the pathological processes that occur in the osteonecrotic femoral head tissue. At present, no research has been performed to link COUP-TFII expression to the incidence of ONFH. In this study, COUP-TFII was verified to act as an important promoting factor BioMed Research International 8 COUP-TFII by COUP-TFII RNA interference, which also regulated both PPARγ and RUNX2 expression resulting in increased adipogenesis and decreased osteogenesis of primary BMSCs in ONFH. Altered COUP-TFII expression in ONFH reveals a new molecular target associated with the pathological progression in ONFH. is study is the first to evaluate the correlation of COUP-TFII expression with the occurrence of ONFH.
At present, it is still unknown what pathological mechanism upregulates COUP-TFII expression in ONFH patients. In this study, excessive corticosteroid usage, alcohol consumption, and trauma-induced ONFH all increased COUP-TFII expression. e primary cell culture examination also showed that knockdown of COUP-TFII decreased dexamethasone-induced adipogenesis and increased osteogenesis in primary BMSCs. is study revealed that COUP-TFII in bone cell actively responds to glucocorticoid-, alcohol-, and trauma-induced stress. is COUP-TFII-mediated imbalance in mesenchymal cell differentiation provides novel evidence in ONFH.
ere are some limitations of this study. e ages of the patients in the osteonecrosis groups and in the controlled group differed significantly because internal fixation is the primary surgical indication for acute femoral neck fractures in young patients. However, previous studies have revealed an inverse relationship between osteogenesis and adipogenesis in the development of osteoporosis in patients with natural aging compared with young people [48] [49] [50] . e exact unknown. is study revealed that increased induction of adipogenesis and decreased osteogenesis were the prominent reactions in ONFH lesions, as determined by the distinct finding of increased PPARγ expression with intense adipogenesis and decreased RUNX2 expression with diminished osteogenesis in these osteonecrotic tissues.
MSCs are pluripotent progenitors that are present in the stromal fraction of many adult tissues. ey are capable of undergoing differentiation into adipocytes, osteoblasts, and chondrocytes in response to specific stimuli [42, 43] . In bone tissue, osteogenesis is programmed for making strong skeletal structures and resisting external pressure. Many diseases, including osteoporosis and osteonecrosis, have been shown to be significantly associated with imbalances between osteogenic and adipogenic differentiation of BMSCs [44, 45] . Recent studies also revealed that ONFH is mainly caused by increased differentiation of BMSCs into adipocytes and decreased bone osteogenesis [46, 47] . is study showed increased adipogenesis and decreased osteogenesis in necrotic regions of the femoral head. Increased PPARγ and C/EBP-α expression were correlated with the promotion of cell adipogenesis. Decreased Runx2 and osteocalcin were correlated with decreased osteogenesis in the osteonecrotic tissue. Immunohistochemical and Western blot analysis showed that bone cells in the osteonecrotic tissue expressed strong COUP-TFII activity. ese findings suggest that COUP-TFII could be a potent molecule that regulates the differentiation of mesenchymal stem cells in osteonecrotic lesions. We further evaluated the effect of molecular mechanisms involved in the promotion of COUP-TFII expression in ONFH remain unclear. Many factors might directly or indirectly affect the expression of COUP-TFII. Increased COUP-TFII expression is correlated with corticosteroid use, excessive alcohol consumption, posttraumatic changes in the femoral head, and the associated increased adipogenesis and attenuated osteogenesis in osteonecrotic lesions. Further animal studies might be required to verify the effect of this factor as a therapeutic target for ONFH.
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